Shape memory alloys (SMAs) have the features of large force-to-weight ratio and large deformation, are considered suitable for actuator uses. This paper describes the applications of an SMA material with two-way shape memory as artificial muscles for the treatment of fecal incontinences. Two designs of the proposed artificial sphincters are presented; one for a complete replacement of the anal sphincter and the other as an auxiliary sphincter to assist the puborectal muscles for maintaining fecal continence. Their functional evaluations have been conducted through fundamental experiments on the thermal responses and the mechanical deformation. The functionality of both was confirmed by in vitro experiments. The first design, the artificial anal sphincter was subjected to animal experiments for up to 4 weeks. Satisfactory results in respects of the biofunctionality of the SMA artificial sphincter imply its potential for practical uses.
Introduction
The use of shape memory alloys (SMAs) for actuators can offer the advantage of simple and compact design, owing to their large force-to-weight ratio. Usually, this ratio could be several orders larger than that of human muscles. This particular feature of SMAs, together with their large deformation during phase transformation, is especially suitable for actuator applications in medical filed. Since most of actuators require energy conversion from one type to another, the energy dissipation due to the low converting coefficient is always a problem. The SMAs, however, can still provide large enough actuation force with a small volume even after such dissipations. The use of the unique properties of SMAs can be categorized into two classes, i.e., the shape memory effect (SME) and the super-elasticity (SE). While the SE needs simply an application of mechanical load, the SME usually requires a thermal load, and has therefore some limitations for the application inside bodies. The conventional uses of SME inside bodies such as bone needles and stents 1) are realized by the following ways: SMAs with transformation temperature lower than the body temperature should be cooled to their martensite phase in order to have an appropriate shape for the subsequent medical operation, and then recover to their working shape after being implanted. It is obvious that the use a repeatable SME can greatly broaden the application range when the SMAs have a transformation temperature range above body temperature and a two-way shape memory effect, if the risk of the thermal impact on surrounding tissues can be reduced through a careful design of applied heat and thermal insulation. Based on this consideration, the authors have proposed SMA artificial muscles for the treatment of the fecal incontinence. 2, 3) In this paper, two prototypes of the developed artificial sphincters will be described. One is an oval type to be fitted around the intestines for occlusion and the other is a beam type to assist the function of a puborectal muscle. The discussion will be focused on the biofunctionality of them.
Medical Background
Patients with incontinence problems suffer from physical, social and economic impact in their daily life. The medical treatments such as a surgical reproduction of neo-sphincters and an electrical stimulation were proved to be effective, but only on selected patients. Artificial urinary sphincters have been developed and commercialized. [4] [5] [6] The basic design of the commercialized artificial urinary sphincter has three main parts: an inflatable silicone cuff which can be fitted around the urinary, a fluid reservoir connected to the cuff, and a manual pump to transfer fluid between the cuff and the reservoir for inflating and deflating the cuff. The same structure has been tested for the treatment of fecal incontinence, but with the intestinal ischaemia observed. Another reason that discourages the use of this structure for fecal incontinence is that its relative large size makes it more invasive. This background has motivated the authors to develop artificial sphincters using TiNi with two-way shape memory effect, having simple and compact structure, and can gently provide occlusion pressure on intestines.
Materials and Basic Structures
The SMA material used in the present work, Ti-51 at%Ni, is known to exhibit a two-way shape memory effect. For the ''memorization'', the SMA material in ribbon form was subjected to heat treatments (850 C, 20 min for the solution treatment followed by 400 C, 100 hr for aging). The transformation temperatures were measured by the Differential Scanning Calorimetry (DSC) technique. The start and finish temperatures were obtained from DSC measurements as
C for the rhombohedral transformation (see Fig. 1 ). In this material, it was reported that the obtainable Young's module in its R-phase is larger than half of that in austenite phase. 7) Therefore, the SMA in Rphase can play a role of spring by itself to provide the occlusion pressure on intestines. This is of importance for realizing a simple and compact design for actuators with this material. A basic element of the artificial muscle can be built by an SMA ribbon with a foil type heater for electrical heating. For a complete reverse transformation to obtain the maximum deformation, the highest temperature might reach 55 C. However, the critical temperature for tissues of living bodies is around 42 C. To prevent the intestines from the risk of overheating, silicone pillows were attached to the both sides of the SMA ribbon for thermal insulation. An additional function of these soft covering materials is to reduce the pressure concentration on the contacting area of the intestines.
Design of Artificial Sphincters

An oval type artificial sphincter
With the basic element described in the previous section, an oval type artificial sphincter has been designed. A schematic drawing of the proposed artificial sphincter is illustrated in Fig. 2 . The actuator consists of two SMA ribbons jointed at their each ends by hinges, and foil heaters attached to the SMA ribbons. Each SMA ribbon has the dimension of 65 mm in length, 15 mm in width and 0.5 mm in thickness.
The artificial sphincter, designed to replace the anal sphincter, can be fitted around intestinal bowels to act occlusive pressure on them at body temperature. When the electric power is applied to the heaters through a transcutaneous energy transfer system (consisted of a coil set and a high frequency power supply), the reverse transformation can be induced in the SMA materials accompanied by a shape change from flat to arc, i.e., the restrained shape during aging treatment. The shape change results in a lumen between two SMA plates to open the intestines for evacuation. By switching off the electric power, the shape of the SMA ribbons can be recovered by a natural cooling, and the intestinal will be closed again. A prototype of the artificial anal sphincter in a closing state (upper) and an opening state (bottom) is shown in Fig. 3 .
The strain change on the surfaces of the SMA ribbons was measured in a complete thermal cycle. Results shown in Fig. 4 depict the temperature dependence of the surface strain of the SMA ribbons. It is seen that the transformation induced strain change is completely reversible, although with a slight hysteresis. The surface strain increases gradually from 43 C due to the local transformation, and exhibits a sharp rise from 47 C, corresponding to the start temperature of the reverse transformation.
With the measured strain ", the curvature of the SMA ribbon and the lumen between two ribbons can be simply calculated from ", the thickness of the SMA ribbon t from the A complete deformation of the SMA ribbons to allow the evacuation requires a temperature rise from body temperature to a temperature higher than the finish temperature of the reverse transformation, at around 55 C. Although the SMA ribbons are covered with silicone sheets for thermal insulation, a critical issue is to control the outer surface temperatures of the thermal insulation to be lower than the maximum tolerant temperature of biological tissues, 42 C. For this purpose, in a previous work, the effectiveness of a simple switch-off was demonstrated numerically and confirmed experimentally. 8) An overheating protector has been developed by the authors for an automatic control of the surface temperature of artificial sphincter. The basic idea is to use a temperature-responsive reed switch to perform a continuous on/off switching of the power supplied to the artificial sphincter, at a certain temperature. 9) In vitro and in vivo evaluations of the developed protector have been conducted, exhibiting a promising capability to control the surface temperature of the artificial anal sphincter to be lower than 42
C. Since such a thermal control is based on a thermal equilibrium between the artificial sphincter and the surroundings, basically the surface temperature of the artificial sphincter can be maintained at a metal stable state for time periods as long as desired.
From the above results and discussion, it can be concluded that the developed oval type artificial anal sphincter has satisfactory capability to replace or assist the nature anal sphincters in respects of the occlusion, the evacuation, and the thermal compatibility. In addition, it was shown that the response time of the artificial sphincter, defined as the time needed for a complete heating from the body temperature to the finish temperature of the reverse transformation, is shorter than 1 minute even with power less than 10 W.
8)
A beam type artificial sphincter
A beam type artificial sphincter is proposed to assist the puborectal muscle, which plays also an important role in maintaining fecal continence. The puborectal muscle is the most medial portion of the levator ani muscle. It passes around the terminal rectum to form the puborectal sling, which kinks the anorectal junction forward to assist in maintaining fecal continence. This muscle marks the transition from rectum to anus. Figure 5 illustrates the location of a puborectal muscle in human bodies. The puborectal muscle pulls the rectum frontward, forming an angle between the longitudinal axis of the rectum and the anal. If this angle has an adequate initial value, an abdomen pressure will make it even smaller for fecal continence, rather than resulting in incontinence.
Medical efforts for reconstructing this function have been conducted by shortening a relaxed puborectal muscle or using a leg muscle instead of it. However, the effect of these surgeries strongly depends on the biofunctionality of these muscles themselves, resulting in a low successful rate.
A beam type artificial sphincter is proposed using the basic element described in section 3. One of its ends is fixed on the coccyx, and the other contacted with the rectum. At the body temperature, the SMA ribbon is designed to have an arc shape in order to act pressures on the rectum frontward to assist the formation of the puborectal angle, and consequently to maintain the fecal continence. Upon heating, the SMA ribbon deforms to a straight shape, removing the pressure on the rectum for evacuation. Since the basic element of SMA actuator is similar with that used in the previous subsection, here we will concentrate our discussion on the functionality of the artificial sphincter, rather than giving a detailed description of its thermal response properties. Figure 6 illustrates a model designed for the demonstration of the basic functions of the artificial sphincter. In this experimental setup, a supporting frame is designed to position a bowel model and the beam type artificial sphincter. The relative position between the bowel, artificial sphincter and the fixed end (modeled for the coccyx) are determined based on the average data of adults. The beam type artificial sphincter has the dimension of 70 mm in length, 18 mm in width and 0.7 mm in thickness. For its functional evaluation, a flesh porcine bowel with 150 mm in length and 30 mm in diameter was used with its two ends connected with two acrylic tubes, as seen in Fig. 7 . A silicone sheet (150 mm Â 28 mm Â 1 mm), with its two ends also clamped by the supporting frame, was used at the left side of the bowel to simulate the resistive pressure due to a bladder and other organs in bodies against the bowel. The temperature change of the SMA ribbon was measured by a thermocouple attached to the surface. The occlusion function of the SMA sphincter was first confirmed. At room temperatures, the porcine bowel was sandwiched between an acrylic rod attached to the free end of the SMA ribbon and the silicone sheet. The imitation fecal, a compound of plant oil and gel, was poured into the bowel from the upper acrylic tube. No leakage of the imitation fecal was observed, as seen in the left of Fig. 7 . Upon heating, a reverse transformation occurred in SMA approximately from 50 C, accompanied by a shape change from arc to flat. Then a complete evacuation of the imitation fecal was observed (see the right in Fig. 7 ). After that, by natural cooling, the shape of the SMA ribbon recovered to its initial state, closing the bowel again. The above results proved the basic function of the beam type artificial sphincter. Comparing with the oval type model, this one has a much simple and compact structure, and is therefore considered less invasive. However, its validity in respects of functionality strongly depends on the assumption that the surrounding tissues can provide large enough resistance against the pressure generated by the artificial sphincter. Since there is a difficulty to find adequate animal models to perform in vivo experiments, measurements of this resistance in human body and a numerical simulation approach are desired for the further development of the device.
Finally, for the power supply in the developed artificial sphincters, a transcutaneous energy transmission (TET) systems 10, 11) can be applied. A combination of artificial sphincters with TET systems can facilitate the completely implantation of the devices to minimize the potential of infection that is usually difficult to be eliminated in applications with percutaneous lines for power supply.
Conclusion
In summary, SMA materials with the two-way shape memory effect have been applied for artificial muscles to replace an anal sphincter and to assist a puborectal muscle for the treatment of fecal incontinence. The use of Ti51 at%Ni enables simple and compact designs of the SMA artificial muscles. The fundamental investigation on the thermal responses of the devices has been conducted and a thermal control system has been developed to ensure the devices for the application inside bodies, without any thermal impact to the surrounding tissues. The functionality of two proposed artificial muscles was confirmed by in vitro experiments. In addition, the first design, i.e., the artificial anal sphincter was subjected to animal experiments for up to 4 weeks. Satisfactory results were obtained in respects of the biofunctionality of the SMA artificial sphincter.
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